Purpose The aim of this study was to compare timings of key events of embryo development from those originating from either fresh or cryopreserved ejaculate sperm using time-lapse technology. Methods In this retrospective observational cohort study, time-lapse technology was used to monitor 1927 embryos from 234 women undergoing intracytoplasmic sperm injection (ICSI) and utilizing either fresh (n = 172 cycles) or cryopreserved ejaculate sperm (n = 62 cycles) for insemination were included in the study. Key developmental events as described in time-lapse were compared with the use of generalized estimating equations (GEE) to adjust for any autocorrelation between the observations. In addition, multivariable logit regression models were used to account for any known baseline differences between the two groups. Results There were no differences in conventional embryo development such as number of 8-cell embryos by 72 h (p = 0.359), the number of blastocysts by 120 h (p = 0.417), and the number of top quality blastocysts (p = 0.956) between the two groups compared. There were no statistical differences in the timings of any of the key embryo developmental events (PN_t1, NEBD, cytokinesis, t2, t3, t4, t5, t6, t7, t8, tM, tSB, tEB, tHB, s1, s2, s3, cc2, and cc3) when either fresh or cryopreserved ejaculate sperm was used for ICSI. This was also confirmed with conventional morphological assessment.
Introduction
Cryopreservation of human semen was first introduced in 1953 by Bunge and Sherman [1] and occurs routinely in the in vitro fertilization (IVF) laboratory for a variety of circumstances. These may involve partners being absent on oocyte collection, fertility preservation prior to the male undergoing chemotherapy/radiation treatment, or in patients with severe oligoasthenoteratospermia (OAT) as a form of Bback up.^It is also widely used for storage of donor semen until seronegativity is confirmed [2] .
Cryopreservation of the male gamete has been suggested to have detrimental effects on its competence [3] . The most frequently reported effect is a decrease in motility [2] [3] [4] [5] [6] although morphology and vitality have also been shown to be negatively affected by cryopreservation [7] . In addition to this, other studies have suggested lower fertilization capacity [5, 7] . The exact mechanisms behind these observations are unclear. It has been suggested that following thawing there are various structural changes such as membrane, acrosome, and organelle damage as well as tail coiling [2, 5] .
It has also been suggested that the cryopreservation process of semen samples both generates as well as increases existing deoxyribose nucleic acid (DNA) fragmentation [7] . This possible damage to the DNA is in the form of base modifications and fragmentation and could possibly arise from reactive oxygen species (ROS) [3] or oxidative stress [7] . DNA integrity in the male gamete is essential in achieving successful fertilization and further embryo development [8] . Whether such changes in the cryopreserved sperm DNA are associated with early embryo development events is still largely unknown [9] .
There is a scarcity of studies comparing embryo development between fresh and frozen ejaculate sperm, since most of the published studies that look at fresh ejaculate compare it to cryopreserved surgically retrieved sperm [10] [11] [12] . In addition, a number of studies have compared surgically retrieved fresh and frozen sperm [13] [14] [15] [16] [17] [18] [19] . The studies that have compared fresh and frozen ejaculate sperm have produced conflicting results regarding fertilization outcomes, with one study reporting a lower fertilization rate when using cryopreserved sperm [20] , while another reports no difference [21] . On the other hand, other studies have shown that embryo morphology, blastulation rates, as well as the number of cells on day 2 and day 3 [21, 22] are comparable between embryos originating from fresh and frozen ejaculate sperm.
It should be noted that in these studies, conventional morphological grading at static time points has been used. The introduction of time-lapse monitoring (TLM) systems to the IVF laboratory provides a unique opportunity for a detailed, dynamic assessment of early embryo development. TLM systems enable almost continuous monitoring of embryo's development through frequent multiple images without disrupting the microenvironment in which the embryo is cultured [23] . Traditional static embryo assessment is known to suffer from significant inter and intra-observer variability [24, 25] , while TLM annotations seem to have high inter and intra-observer agreement [25] . For that reason, TLM has already been employed to study the association of early embryo development with blastocyst formation, aneuploidy, and achievement of pregnancy [26] [27] [28] . Additionally, these kinetic parameters have been implemented into some laboratory settings in the form of algorithms in an attempt to predict the embryo/s within the cohort with the highest implantation potential [29, 30] . For this reason, it is important to identify any potential confounding clinical factors that may impact morphokinetic parameters and adjust for them accordingly. Considering this, it provides a unique way to compare early embryo development after insemination with fresh and cryopreserved ejaculate sperm.
The purpose of this study was to compare timings of key developmental events of embryos originating from either fresh or cryopreserved ejaculate sperm using time-lapse technology.
Materials and methods

Study design
This was a single-center observational cohort study performed between November 2012 and September 2016. Approval for the study was obtained from the IVF Australia Human Research Ethics Committee (2014/104). One thousand nine hundred twenty-seven oocytes from 234 women undergoing intracytoplasmic sperm injection (ICSI) and utilizing either fresh or cryopreserved ejaculate sperm for insemination were included in the study. Fresh autologous and donor oocytes were included. Frozen oocytes were excluded from the study. Patients were not eligible if they had In Vitro Fertilization (IVF), preimplantation genetic diagnosis, or had any type of surgically retrieved sperm used for insemination.
Ovarian stimulation and oocyte retrieval
Controlled ovarian stimulation was achieved with the administration of gonadotrophins. The treating clinician determined the starting dose based on age, body mass index, anti-mullerian hormone, the presence of polycystic ovaries, and response to previous stimulated cycles. Prevention of a premature luteinizing hormone (LH) surge was achieved using gonadotrophin-releasing hormone (GnRH) agonists or antagonists. Transvaginal ultrasounds and serum estradiol levels were used to monitor follicular growth. Once two or more follicles of at least 18 mm were observed, final oocyte maturation was triggered with human chorionic gonadotrophin (hCG) (either 250 μg of recombinant hCG or 10,000 IU of urinary hCG) or in some cases of GnRH antagonist cycles with a GnRH agonist in the form of leuprorelin acetate (Lucrin, Abbott Australasia Pty Ltd., Sydney, Australia). Ultrasound-guided oocyte retrieval was performed 34-38 h after triggering using a single lumen 17 gauge needle (COOK, Brisbane, Australia). Oocytes were collected and transported to the IVF Laboratory in G-MOPS PLUS media (Vitrolife, Sweden) at 37°C in a portable incubator (Biotherm, Cryologic Australia). Oocytes were cultured prior to ICSI using G-1 PLUS media (Vitrolife, Sweden) at 37°C, 5% O 2 , and 6% C0 2 in bench-top incubator (MINC, COOK, Australia).
Fresh ejaculate semen preparation and ICSI
For fresh ejaculate samples, male partners provided semen by masturbation on the morning of oocyte retrieval, having been requested to abstain for between 2 and 5 days. Sperm were isolated from semen using 40:80% density gradients (Puresperm, Nidacon, Sweden). The pellet was re-suspended in GMOPS media (Vitrolife, Australia) and held at 37°C until use. Prior to ICSI, denudation of cumulus cells were performed in an EmCell (HD Scientific, Australia) at 6% C0 2 and at 37°C by mechanical pipetting in hyaluronidase 30 IU/ml (Hyalase, Sanofi Aventis, Australia) in G1-PLUS media using 170 or 140-μm flexipette (COOK, Australia). All metaphase II oocytes present at 39-41 h post triggering injection were injected using standard ICSI procedures at ×200 magnification. Oocytes were injected in pre-warmed 5 ul G-MOPS PLUS droplets immersed in mineral oil (Ovoil, Vitrolife, Sweden). Prepared sperm was placed in a separated droplet containing 7% polyvinyl prolidone (CooperSage, USA).
Semen cryopreservation and thaw
For patients using cryopreserved semen, it was frozen prior to oocyte retrieval by diluting the sample 1:1 with Quinn's Advantage Sperm Freezing Medium (Origio, Denmark) at room temperature. The sample was loaded into CBS 0.5 ml straws (Cryo Bio System, France) and frozen using either a Planer Controlled Rate Freezer (Planer, Australia) or a cryological cryo chamber (Biotherm, Cryologic Australia). Patients using frozen semen (donor or male partner frozen samples) were thawed by warming to 37°C and then prepared using the above method once retrieval of a mature egg was confirmed.
Embryo culture
Following ICSI injection, zygotes were placed individually into a pre-equilibrated culture slide (EmbryoSlide®, Unisense Fertilitech, Aarhus, Denmark) 6% C0 2 and at 37°C. The EmbryoSlide® has 12 separate wells for individual culture of embryos. Each of these wells was filled with 25 μl of G1-PLUS (Vitrolife, Sweden) and 1.4 ml of Ovoil mineral oil (Vitrolife, Sweden) to prevent evaporation. Order of injection was preserved from ICSI dish to culture slide. Air bubbles that may have formed during the pre-equilibration period were removed before zygotes were added to the wells. The EmbryoSlide® containing the zygotes was loaded into an EmbryoScope at 37°C, 5% O 2 , and 6% C02 immediately at completion of ICSI. A dish changeover was performed on day 3 of embryo culture into pre-equilibrated dishes containing G2-PLUS media (Vitrolife, Sweden) using the same method as day 0 dish preparation.
Embryo assessment
Embryo development was monitored using the image software EmbyroViewer® (EmbryoScope™, Unisense Fertilitech, Aarhus, Denmark). Fertilization was assessed 16-19 h post-insemination through the use of images provided by the time-lapse incubator software. Embryo morphology was assessed without removal from the EmbryoScope using the Gardner criteria on day 3 and 5 [31] . There were three trained scientists that performed all embryo assessments in order to limit inter-observer assessment errors.
Time-lapse monitoring
The EmbryoScope was programmed to capture photographs every 7 min at five focal planes. Key events in embryo development were annotated using the software EmbryoViewer®. The timings of each annotation were adjusted for the exact time of ICSI of each embryo [30] . The same three trained scientists that performed the morphological assessments were also trained in time-lapse assessments and annotated all embryos used in the study. Key developmental events (Table 1) as described in the time-lapse literature [30] were annotated for all embryos up until day 5 of culture or until utilized for transfer or freezing.
Statistical analysis
All continuous variables are presented as mean and standard deviation (SD). Categorical variables are presented as proportions. Due to the clustering nature of data (i.e., some oocytes and/or embryos originate from the same patient), the analysis of data was performed with the use of generalized estimating equations (GEE), which adjust for any auto-correlation between the observations. Furthermore, considering the observational, retrospective nature of this study, statistical adjustment for baseline differences identified through bivariate analyses was performed. An adjustment was also made for the embryologist performing the ICSI. This was achieved by constructing appropriate multivariable logit regression models. All statistical analyses were performed with STATA (v.14.2, StataCorp, USA) and statistical significance was set at p ≤ 0.05. One hundred and seventy-two patients contributed to the fresh ejaculate group while the remaining fell into the frozenthawed group (n = 62). Regarding cycles where frozenthawed sperm was used, 87.1% (n = 54) utilized deidentified donor sperm, 8.1% (n = 5) frozen-thawed partner sperm, and 4.8% (n = 3) known donor sperm.
Female demographics and cycle characteristics
The mean female age was lower in the fresh group compared to that of the frozen-thawed group (Table 2) . No differences were detected between patient BMI, serum AMH, and the prevalence of primary infertility between the two groups.
There was a significant difference between the two groups for the indication for treatment (p < 0.001) with the majority of the cases in the frozen-thawed group falling into the social category for obvious reasons. No significant differences were observed in cycle characteristics (Table 2) .
Male demographics
The two groups exhibited differences in a number of male demographic parameters (Table 3 ). There was a difference in male age (p = 0.010) with the frozen sperm group consisting of a younger population. There was also a difference in the seminal volume between the two groups (p = 0.044). The delay of sperm preparation to insemination time differed significantly between the two groups (p < 0.001). Almost 90% of the fresh ejaculate samples were prepared more than 3 h prior to ICSI insemination, while 96.8% of the frozen samples were prepared within 3 h prior to insemination.
Embryological characteristics
There was no statistical difference observed between the two groups when the embryological characteristics where examined. The number of oocytes retrieved, injected, maturity state, and fertilization rate (Table 4) where similar between embryos originating from fresh and frozen-thawed sperm.
Conventional embryo development
The two groups showed no statistical difference when observing the number and proportion of cleavage stage embryos at both day 3 (72 h post-insemination) and blastulation at day 5 (120 h post-insemination) ( Table 5 ). The number of top quality blastocysts did not differ significantly between the two groups. In addition, the proportion of top quality blastocyst per blastocyst formed was similar between the two groups with embryo's originating from fresh sperm 23.5% and frozen-thawed sperm 25.9%.
Morphokinetic parameters
In Table 6 , a comparison of the morphokinetic timings for embryos originating from both fresh and frozen-thawed ejaculate sperm. This table has been adjusted for female and male age, seminal volume, the indication for treatment, and the identification of the embryologist performing the ICSI. There was no statistical difference in the parameters for all morphokinetic markers evaluated (Table 6 ) between embryos originating from fresh or frozen-thawed sperm.
Discussion
This study does not support the presence of major differences in key early embryo developmental events when either fresh or cryopreserved ejaculate sperm is used for ICSI insemination. The two groups were compared in terms of widely used morphokinetic parameters, and this lack of a difference was The only other study evaluating a similar question has been published previously as an abstract [32] . The authors compared the development of embryos using TLM after using frozen-thawed ejaculate sperm with fresh ejaculate sperm. Within the study, the frozen-thawed group assessed 209 embryos while in the fresh group 246 embryos were assessed. They found significant differences for PNBD, t2, t7, and t8 between the frozen group and the fresh group [32] . However, it appears that no multivariable adjustment for confounders was performed and this might explain the discrepancy with the results of the present study which statistically controlled for baseline difference between the two groups compared.
In a recent study, the authors aimed to compare fresh ejaculate sperm with frozen-thawed surgical retrieved sperm by utilizing TLM [24] . In that study, it was shown that the morphokinetic parameters between the two groups were similar except for three time points, t3, t8, and s2 [24] . The distinct differences between these results compared with the current study could be attributed to the fact that surgically retrieved sperm and not ejaculate sperm was evaluated. Hence, it could be hypothesized that the observed differences reflect not just the effect of cryopreservation but also the effect of the origin of sperm.
The strengths of the current study include the largest sample size published to date on this comparison, providing more statistical power for the detection of differences in the morphokinetic parameters. Furthermore, as in Storr et al. [30] , we determined the exact injection time for each oocyte and annotation timings were adjusted in accordance to give a true representation of t0. Many studies use t0 as the average ICSI time, the ICSI start time, or pronuclear fading time [33] ; however, these can vary dramatically between embryologists performing the inseminations and between cases. Also, this study takes into account the cluster effect (the fact that some embryos originate from the same patients) and has applied statistical methods that have adjusted for this correlation, hence providing more accurate estimates [34] .
When compared to standard incubators, TLM provides comprehensive data on early embryo development kinetics as well as the morphological characteristics of the dynamically developing embryo. This study has utilized such a system over standard incubators to attain detailed metrics of early embryo development, such as fertilization. In a standard incubator, assessment of fertilization can contain large standard deviations due to the inability to identify precise timings. Furthermore, during analyses of these events, the embryos are disrupted from the culture environment negatively impacting the way the embryo develops. With TLM, this is overcome, making it a superior system in terms of metrics. Notably, there is a range of reports that suggests that embryos cultured in both system types show no difference between fertilization, cleavage, and blastulation rates [35] [36] [37] .
This study also has some limitations that should be discussed. Although this is the largest study to date evaluating this research question, considering the sample size of the frozen sperm group, it cannot be excluded that a type II statistical error might still be present. It should be noted that systematic differences between the two groups may confound the examined associations. Although an effort was made to remove the effect of such differences by statistically adjusting with the use of multivariable regression models, the presence of residual confounding bias cannot be excluded. All effect sizes and p values have been adjusted for male female and male age, seminal volume, the indication for treatment, the time delay of sperm preparation to insemination, the id of the embryologist performing the ICSI, and media type This is a preliminary study and results should be interpreted with caution. An adequately powered study with a larger sample size in the frozen-thawed group may be able to detect smaller differences between embryo development events; however it remains to be seen if these would be of clinical significance.
The results of this study, in combination with the literature, may be used by clinicians to council their patients about their embryos that were made using frozen sperm and that they do not exhibit different developmental parameters compared to those created after using fresh sperm. In addition to this, the current study suggests that predictive algorithms for TLM, at this point, do not need to account for whether the male gametes were cryopreserved or not. Furthermore, based on the findings of this study, it could be in agreement with the methodology applied in most of the published literature [29, 38, 39] .
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